In this work, we systematically investigate the favored α-decay half-lives and α preformation probabilities of both odd-A and doubly-odd nuclei related to ground and isomeric states around the doubly magic cores at Z = 82, N = 82 and at Z = 82, N = 126, respectively, within a two-potential approach from the view of the valence nucleon (or hole). The results show that the α preformation probability is linear related to NpNn or NpNnI, where Np, Nn, and I are the number of valence protons (or holes), the number of valence neutrons (or holes), and the isospin of the parent nucleus, respectively. Fitting the α preformation probabilities data extracted from the differences between experimental data and calculated half-lives without a shell correction, we give two analytic formulas of the α preformation probabilities and the values of corresponding parameters. Using those formulas and the parameters, we calculate the α-decay half-lives for those nuclei. The calculated results can well reproduce the experimental data.
I. INTRODUCTION
During the past three decades, many exotic nuclei and decay modes have been found with the advent of radioactive ion beam facilities at GSI, Berkeley, Dubna, Grand Accelerateur National d'Ions Lourds (GANIL), Rikagaku Kenkyusho (RIKEN), and (Heavy Ion Research Facility in Lanzhou) HIRFL [1] [2] [3] [4] [5] [6] [7] . α decay, as one of main decay modes of heavy and superheavy nuclei, attracts constant attention [8] [9] [10] [11] . Theoretically, α decay shares the similar theory of barrier penetration with different kinds of charged particles radioactivity, such as single proton emission, heavy ion emission, spontaneous fission [12] [13] [14] [15] [16] [17] and so on. Experimentally, α decay spectroscopy of very neutron-deficient nuclei and heavy and superheavy nuclei provides much unique structure information. Some spectra can not be described within the mean-field assumption, which indicates the existence of an α cluster in 212 Po [18] . The three lowest states in energy spectrum of 186 Pb, corresponding to spherical, oblate and prolate shape, are produced by α decay of 190 Po [19] . Meanwhile, the α-decay process is also important for understanding such crucial problems in stellar nucleosynthesis [20] , the chronology of the solar system [21] , and nuclear clustering structure in heavy and superheavy nuclei [22] [23] [24] .
For nuclei above the shell closures, an enhancement of α decay energies has been recognized through atomic mass data. Thus, an island of the α radioactive nuclei arises above the magic numbers Z = 50, N = 50 [25, 26] . However, smaller α preformation probabilities hinder α decay of closed shell nuclei, due to the limited number of valence nucleons. Up to now, the formation of α-like four-nucleon correlations in nuclear systems has been understood to some extent. For an α decaying state, * lixiaohuaphysics@126.com there may be two special neutrons and protons, which are different from other nucleons moving in the mean field, eventually constituting the α cluster [24] . Microscopically, α preformation probabilities can be evaluated through an overlap between the initial state and the α decaying state [27] . For the difficulties coming from a complex quantum many-body system and nuclear force which has still not been pinned down to exact form, the results of α-decay widths by using a microscopic calculation applying the Skyrme interaction and the R-matrix formulation suggest the missing effects, such as pairing correlations and other residual interactions [28] . The approach of the Tohsaki-Horiuchi-Schuck-Röpke wave function was used to calculate the α preformation probability [29, 30] , which was also successful in describing the cluster structure in light nuclei. The cluster-formation model was also another convenient way to estimate the α preformation factors through the formation energy of an α cluster [31] . But systematic and microscopic calculations of an α cluster preformation are still inaccessible. Therefore, α preformation probabilities are usually extracted from rates of experimental α decay half-lives to theoretical results calculated without considering the preformation factors [32] [33] [34] . Recently a semi-empirical formula of α preformation probabilities taking into account the shell effect, the pairing effect, and the angular momentum effect has been given [35] . Seif et al. have proposed that the α preformation probability is proportional to N p N n for even-even nuclei around proton Z = 82, neutron N = 82 and 126 shell closures [36] . However, it is interesting to test whether odd-A and doubly-odd nuclei also satisfy this relationship or not. In this work, we systematically study favored α decay half-lives and α preformation probabilities of both odd-A and doubly-odd nuclei related to ground and isomeric states around the doubly magic cores at Z = 82, N = 82 and at Z = 82, N = 126 shell closures, respectively. A good linear relationship between the α preformation probability and N p N n is found, which shows the importance of valence proton-neutron correlation on the α preformation probabilities. The calculated α-decay half-lives can well reproduce the experimental data.
This article is organized as follows. In Section II, the theoretical framework for the calculation of the α-decay half-lives is briefly described. The results and discussions are given in Section III. In this section, at first we compare the α preformation probabilities of nuclear isomers to those of ground states, and then the α preformation probabilities are analyzed from the view of the valence proton-neutron interaction. Sec. IV is a brief summary.
II. THEORETICAL FRAMEWORK
In the framework of Gamow's theory, α decay is described as a preformed α particle moving in the decaying nucleus until the α particle penetrates Coulomb barrier [37] . α-decay half-lives can be calculated as
where Γ is the α decay width. The range of Γ is about 10 −14 to 10 −46 MeV, much smaller than the α-decay energy Q α near 10 MeV. Therefore, it is appropriate to treat α decay as a stationary state problem. The two-potential approach has been proposed to deal with metastable states, widely used to calculate α decay halflives T 1/2 [38, 39] . In this framework, the α decay width can be written as
where µ is the reduced mass between the α particle and
| is the wave number of the α particle, and r is the mass center distance between the preformed α particle and the daughter nucleus. V (r) is the total α-core potential. The last exponential term in Eq. (2) is the semiclassical WentzelKramers-Brillouin (WKB) barrier penetrability probability, often called the Gamow factor. F is the normalized factor, describing the α particle assault frequency, which can be approximately given by
where r 1 , r 2 , and r 3 are the classical turning points which satisfy conditions V (r 1 ) = V (r 2 ) = V (r 3 ) = Q α . P α is the α preformation probability, which abruptly decreases near the nuclear shell closures and varies smoothly in the region of an open shell [32] [33] [34] . With the increasing number of valence nucleons away from the shell closure, the α preformation probability increases. Until close to the next shell closure, the α preformation probability decreases with the decreasing number of valence holes. Regarding this picture, we have completed the systematic calculations of α decay half-lives with shell correction based on the parabola approximation of α preformation probabilities between the neighboring shell closures [40] . Actually, P α can be extracted from ratios of calculated α decay half-lives T calc 1/2 to experimental data T expt 1/2 , which is defined as P α = P 0 T calc 1/2 /T expt 1/2 . The calculated half-lives are obtained with the assumption that α preformation probabilities keep constant for one certain kind of nuclei, such as even-even nuclei, odd-A nuclei, or doubly-odd nuclei. According to the calculations by using the density-dependent cluster model [41] , the constant factor of preformation probability P 0 is taken as P 0 = 0.43 for even-even nuclei, P 0 = 0.35 for odd-A nuclei, and P 0 = 0.18 for doubly-odd nuclei. For odd-A and doubly-odd nuclei, unpaired nucleons result in smaller α preformation probabilities than even-even nuclei due to the block effect.
The total α-core potential V (r), including nuclear, Coulomb, and centrifugal potentials, which is critical for the calculations of α-decay widths, can be expressed as
where V N (r), V C (r), and V l (r) represent the nuclear, Coulomb, and centrifugal potentials, respectively. In this work, we choose a type of cosh parametrized form for the nuclear potential, obtained by analyzing experimental data of α decay [42] , which can be expressed as
where V 0 and a are the depth and diffuseness for the nuclear potential, respectively. In our previous work, we have analysed the experimental α-decay half-lives of 164 even-even nuclei to obtain a set of parameters, which is a = 0.5958 fm and V 0 = 192.42 + 31.059
MeV [40] , where N , Z, and A are the neutron, proton, and mass numbers of the daughter nucleus, respectively. In this work, the parameters of diffuseness and depth for the nuclear potential remain unchanged. V C (r) is the Coulomb potential and is taken as the potential of a uniformly charged sphere with sharp radius R, which can be expressed as
where Z d and Z α are the number of protons in the daughter nucleus and the preformed α particle, respectively. The last part in the V (r), the centrifugal potential, can be estimated by
where l is the orbital angular momentum taken away by the α particle. l = 0 for the favored α decays, while l = 0 for the unfavored decays. The sharp radius R is calculated by the following relationship
This empirical radius formula, which is derived from the nuclear droplet model and proximity energy, is commonly used to calculate α-decay half-lives [43] .
III. RESULTS AND DISCUSSIONS
The aim of this work is to study the α-decay halflives and α preformation probabilities of both odd-A and doubly-odd nuclei around the shell closures taking into account the valence proton-neutron interaction. For the odd-A and doubly-odd nuclei, there may be some excitations of a single nucleon, which can bring about nuclear high-spin isomers in terms of the shell model, and these isomers are similar to ground states with regard to α decay. Thus both ground and isomeric states should be considered as candidates for α-decay parent and daughter nuclei in a unified way [39, 44] . In this case, α transitions can be divided into four kinds, i.e. from ground state to ground state (g.s. to g.s.), from ground state to isomeric state (g.s. to i.s.), from isomeric state to ground state (i.s. to g.s.), and from isomeric state to isomeric state (i.s. to i.s.). Especially, α decays that belong to odd-A and doubly-odd nuclei around a closed shell become even more complicated than even-even nuclei due to the unpaired nucleon.
In order to investigate the effect of the isomeric state to the α decay, we compare the α preformation probabilities between nuclear isomers and the corresponding ground states, containing 86 favored α decays. For all the cases, there are two kinds of α transitions, i.e. isomeric states to isomeric states (i.s. to i.s.) and the corresponding ground states to ground states (g.s. to g.s.). The calculations of the logarithm of P * α /P α are plotted as a function of proton numbers of the parent nuclei in Fig. 1 . P * α is the extracted α preformation probability for the nuclear isomer, while P α is the probability for the ground state. All the experimental data of α-decay halflives, energies, and spin-parity, used in the calculations of this work, are taken from the latest evaluated nuclear properties table NUBASE2012 [45] . From Fig. 1 , we can see that the values of log 10 P * α /P α are around 0, indicating there are no obvious differences for α preformation probabilities between nuclear isomers and ground states to some extent, as shown in the existing researches [39] . Therefore, α decay of both ground and isometric states can be treated in an unified form.
Many researchers, using different models, indicated that the α preformation probability obviously diminishes with a small number of valence nucleons (holes) [32] [33] [34] . Moreover, the valence proton-neutron interaction is an important residual interaction for mean-field approximation [46, 47] . It has been found that α preformation probabilities are linearly related with the product of valence proton numbers and valence neutron numbers N p N n for even-even nuclei around the doubly magic cores at Z = 82, N = 82 and at Z = 82, N = 126. Besides, isospin asymmetry of the α decay parent nucleus was also considered in the N p N n scheme [36] . N p and N n denote the valence protons (or valence proton holes) and valence neutrons (or valence neutron holes) of the parent nuclei, respectively. Then, it is interesting to see whether the N p N n scheme works as well in odd-A and doubly-odd nuclei as in even-even nuclei.
To clearly describe the N p N n scheme, we perform candidates for α radioactivity on the colormap of N p N n I as a function of neutron numbers N and proton numbers Z of the parent nuclei in Fig. 2 . I denotes the isospin asymmetry of the α-decay parent nucleus. The quadrants in coordinate of valence nucleons are labeled from Region I to V, respectively. Because of a little number of nuclei with α radioactivity in Regions II and V, in this work, we focus on the α preformation probabilities in Regions I, III, and IV. As shown in Fig. 2 , from the point of the N p N n scheme, the α preformation probability in Region I decreases with increasing distance away from β stability roughly. Contrary to the case in Region I, α preformation probabilities in Region III increase gradually close to the proton drip line.
The detailed numerical results of α transitions around the doubly magic core at Z = 82, N = 82 shell closures are listed in Table I . The first four columns represent the α transition, decay energy, extracted α preformation probability, and experimental α decay half-life, respectively. These nuclei lied in Region I above the neutron N = 82 shell closure and below the proton Z = 82 shell closure. Most of them are near to the proton drip line on the chart of nuclides. The extracted α preformation probabilities can be evaluated due to the linear relationship between the preformation probabilities and valence nucleon product N p N n . It is believed that the slopes of α preformation probabilities against N p N n are related to the average interaction of proton-neutron pairs [47] . The above linear relationship implies that the influence of proton-neutron pairs on α clustering roughly remains constant for closed shell nuclei in the same region.
In order to gain a better insight into the agreement between experiment and theory, we study the α preformation probabilities from the view of the valence nucleon around the doubly magic cores at Z = 82, N = 82 and at Z = 82, N = 126 shell closures, respectively. The α preformation probabilities are evaluated by the linear relationship
Where N 0 , Z 0 are the neighboring neutrons and protons magic numbers, respectively. The preformation probabilities can also be sized up by taking into account the isospin asymmetry [36] , and it is expressed by
The above a, b, c, and d are free parameters. I is the asymmetry between neutron and proton in parent nuclei, while the value of I depends on the doubly magic core at N 0 , Z 0 and the specific quadrant. Eq. (10) suggests that α preformation probabilities in the fourth quadrant are larger than those in the second quadrant, while Eq. (9) supports that the cases in each quadrant are equal. The calculated α decay half-lives based on Eqs. (9) and (10) are listed in the last two columns of Tables I, II , and IV, labeled by T In Table II , we present the theoretical results of α transitions for nuclei around the doubly magic core at Z = 82, N = 126 shell closures. These nuclei are divided into two groups, lied in the first quadrant (Region IV) and the second quadrant (Region III) of the coordinate of valence nucleons, respectively. The nuclei in Region III, whose N p N n are negative, involve valence protons and valence neutron holes. While N p N n of nuclei in Region IV are positive.
The α preformation probabilities P α are plotted as the function of NpNn N0+Z0 in Figure 3 , and of N p N n I in Figure 4 Figure 3 is slightly better than that of N p N n I in Figure 4 . Besides the predictions in Regions III and IV are better than those in Region I. Maybe it is because the doubly magic core at Z = 82, N = 82 is unbound, and the nucleons in the core play an essential role on the α preformation probability. , where Np, Nn represent valence proton numbers and valence neutron numbers of the parent nucleus, respectively, and N0(Z0) express neutron (proton) magic numbers. The blue dashed and solid lines denote the fit of nuclei in Regions IV and III, respectively. The red short dashed line denotes the fit of nuclei in Region I. The parameters a, b, c, and d of Eqs. (9) and (10) are presented in Table III . The α transitions of ground states and nuclear isomers are treated in a unified way. Because the value of isospin I changes little, the values of both b and d for nuclei in distinct regions given by Eq. (9) are nearly equal to those given by Eq. (10) . And the calculations involve favored α decay of both odd-A and doubly-odd nuclei.
For the favored α decay of doubly-odd nuclei, the linear relationship still exists as shown in Figs. 5 and 6. The calculated α decay half-lives are obtained by Eqs. (9) and (10) with parameters presented in Table III , and the detailed results of doubly-odd nuclei are listed in Table IV . Although there are much less α-decay cases for closed shell doubly-odd nuclei, the listed data still imply the varying trend of α preformation probability due to the valence proton-neutron interaction. The α preformation probability almost increase linearly with the increases of the valence proton-neutron interaction. 1.17×10
−6
For the case of unfavored α decay, the spin-parity state of the parent nucleus is different from that of the daughter nucleus. It is well known that the centrifugal potential reduces the α-decay width. In addition, the α preformation probability may also be affected by the changes of nuclear structure configurations. We will make more detailed theoretical investigations in the future.
IV. SUMMARY
In summary, we have performed a systematic study of α decay for closed shell odd-A and doubly-odd nuclei related to ground and isomeric states around the doubly magic cores at Z = 82, N = 82 and at Z = 82, N = 126 shell closures, respectively, within a two-potential approach. The α-decay widths are calculated by using the semiclassical WKB method along with the isospin dependent nuclear potential. The α preformation probabilities are evaluated by the linear relationships of N p N n and N p N n I, considering the shell effect and residual valence proton-neutron interaction. In order to clearly show the different shell closures, the α decay candidates are divided into five regions in the N p N n or N p N n I scheme. It is found that closed shell odd-A and doubly-odd nuclei also satisfy the linear relationships, and the calculated half-lives agree well with the experimental data within a factor of 2 or better. The results show that the residual proton-neutron interaction is essential to evaluate the α preformation probabilities of even-even nuclei as well as odd-A and doubly odd nuclei. This work will provide theoretical supports for future experiments.
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